The role of cis-and trans-acting elements in the expression of HIS4 has been examined by using HlS4-lacZ fusions in which lacZ expression is dependent upon the HIS4 5' noncoding region. The cis-acting sequences involved in regulation were defined by studying the effects of the wild-type and various deletions and their revertants on regulation via the general control of amino acid biosynthesis. The role of trans-acting genes was analyzed by studying the regulation of the HIS4-lacZ fusions in strains carrying mutations in the GCN (AAS) or GCD (TRA) genes and in strains carrying the GCN genes on high-copy-number plasmids. These studies have led to the following conclusions. (i) HIS4 is positively regulated by the general control. (ii) At least one copy of the 5'TGACTC3' repeat at -136 is required in cis for this regulation. (iii) Both the GCN4 gene and at least one copy of the repeated sequence are required for expression at the repressed level. (iv) The open reading frames in the 5' noncoding region are not required in either cis or trans for the regulation of HIS4.
In Saccharomyces cerevisiae the expression of at least 24 unlinked structural genes in six different amino acid biosynthetic pathways is controlled by a regulatory system called the general amino acid control (13) . The levels of the enzymes encoded by these genes increase when the cells are starved for any one of a number of amino acids (4, 16, 17, 19, 24) . For several of these genes, general control has been demonstrated to occur at the level of transcription (9, 14, 21, 23, 25) . Analysis of TRP5 has shown that the increases in enzyme levels are correlated with an increase in the rate of TRP5-specific mRNA synthesis (25) .
Two classes of recessive trans-acting regulatory mutations affect the general control (7, 13) . One class (GCD, formerly TRA) causes high constitutive levels of enzymes under the control, and a second class (GCN, formerly AAS) causes low repressed levels and prevents derepression under starvation conditions. Recent studies (10) suggest that the product of the GCN4 gene functions directly as a positive regulator required for the general control response. The other regulatory molecules are postulated to act indirectly by controlling the GCN4 gene product.
A search for common sequences which might serve as cisacting regulatory sites revealed the consensus sequence AAGTGACTC (with the conserved core TGACT) repeated in the 5' noncoding regions of four different genes subject to the general control (HIS], HIS3, HIS4, TRP5). This sequence was not found upstream of a number of other genes not subject to this control (6, 9) . Critical evidence showing that at least one copy of this repeat is required for positive regulation by the general control comes from deletion analysis of the 5' noncoding regions of both HIS3 (22) and HIS4 (5) . Deletion of the sequence at HIS4 leads to loss of the ability to respond to the general control, and restoration of the sequence by reversion restores the ability to respond. A second structural homology shared by some genes under general control is the presence of short, open reading frames located upstream from the repeated elements (6, 8, 9) .
Several important aspects of the role of the upstream repeats could not be addressed in our initial studies because both regulation and promotion were assessed by Northern analysis. Using this technique, we could not analyze large numbers of strains for the effects of regulatory mutations and were unable to quantitate low levels of expression. We have overcome these problems by studying the regulation of HIS4-lacZ fusions. In these fusions, P-galactosidase expression is dependent upon the HIS4 5' noncoding sequences, so it is possible to study both the cis-and trans-acting elements important for regulation by measuring P-galactosidase activity. Using these fusions, we have found that the short open reading frames upstream of the HIS4 repeated sequences are not required for derepression of HIS4 in response to amino acid starvation. Furthermore, the repeat at -136 seems to be required in cis for both regulation and maintenance of the repressed level of HIS4 expression. The GCN4 gene product is required in trans not only in derepression but also to maintain the normal repressed levels of expression from the wild-type HIS4 promoter. In promoter deletions in which only a single copy of the repeat remains, HIS4 expression becomes almost entirely dependent upon GCN4+. The presence of the GCN4 gene on a high-copy-number plasmid leads to derepression of HIS4 in the absence of both the starvation signal and the positive regulatory functions of GCN2 and GCN3. These results suggest that the GCN4 gene product mediates derepression by interacting (directly or indirectly) with the repeats found at genes subject to the general amino acid control and that the level of GCN4 activity is an important determinant of the level of expression of these genes, both in repressing and derepressing growth conditions.
MATERIALS AND METHODS
Construction of HIS4-lacZ fusions. All of our constructions involve fusion of the 5' regulatory region of HIS4 to lacZ (Fig. 1) small BamHI-SalI fragment of pBR45 (18) to the large BamHI-SalI fragment of YIp5. The BamHI-to-SalI fragment of pRB45 carries most of the Escherichia coli lac operon but is missing all of the promoter, operator, and 22 base pairs of the amino terminal coding region of lacZ.
The other component of our fusions is the HIS4-Sau3A fragment, which extends from position -670 (with respect to the 5' end of the HIS4 mRNA) to the base pair 34 in the coding region of HIS4. This fragment, obtained from YIp311 or from plasmids which contain deletions of the HIS4 5' noncoding region (5) , was ligated into the BamHI site of YIp334. The ligation of these two fragments results in the fusion of the 10th codon of HIS4 to the 8th codon of lacZ and places lacZ under general control. The collection of wildtype and internally deleted HIS4-Sau3A fragments fused to lacZ is shown in Fig. 2 . We refer to the fusion carrying the intact HIS4-Sau3A fragment as the wild-type fusion. All other constructions are defined by the 3' endpoint of the HIS4 deletion present in the fusion.
Construction of yeast strains. Plasmids were first isolated by transformation into E. coli DB6507 (5). After we characterized each plasmid construction, we used it to transform the yeast strain TD28 (MATot ura3-52 inol-13 can1-100) to Ura+ (11) . Most of the HIS4 homology in the plasmids carrying the HIS4-lacZ fusions is downstream from the position of the deletions. For this reason, integration at HIS4 would, in most instances, separate the deletion from lacZ and reconstitute a wild-type HIS4 regulatory region upstream of the HIS4-lacZ coding region. We avoided this problem by integrating our constructions at URA3 on chromosome V (Fig. 1C) . Integration was directed to the URA3 locus by cutting the plasmids before transformation at the unique SmaI site in URA3. Ura+ transformants were tested for the presence of a single copy of the plasmid by Southern analysis. A diagnostic pattern was observed when total yeast DNA was digested with EcoRI and probed with URA3 (YIpS [1] ).
Two control strains with lacZ regions not under general control were constructed by integrating plasmid YIp334 and plasmid pRB102 at URA3. Yeast strains with YIp334 have a promoterless lacZ region and therefore make no ,3-galactosidase. Strains with pRB102 have a lacZ region under the control of the URA3 promoter (17a) and do not respond to the general control. A third control strain containing the HIS4-lacZ fusion integrated at HIS4 in a single copy was obtained by transforming strain TD28 with uncut YIp334 containing the wild-type fusion. These three strains provided, respectively, a control with no f-galactosidase activity, one with a P-galactosidase activity insensitive to the general control, and one with P-galactosidase activity under general control and located at HIS4 instead of at URA3.
Yeast strains. The nomenclature for regulatory genes affecting the general control has recently been changed. The old names created confusion because each laboratory named the genes according to the selective system used to obtain mutations rather than by the function of the gene in general control. The new nomenclature is GCN for genes in which mutations lead to failure to derepress (GCN, general control nonderepressible) and GCD for genes in which mutations lead to constitutive derepression (GCD, general control derepressed). In the new system AASJ = GCN2, AAS2 = GCN3, AAS3 = GCN4, and TRA3 = GCDJ. The alleles gcn2-103, gcn3-102, and gcn4-101 correspond, respectively, to the alleles aasl-3, aas2-2, and aas3-1. The allele gcdl-10J corresponds to the allele tra3-1. These alleles are described by Hinnebusch and Fink (10) .
Strains carrying the various fusions integrated at the URA3 locus in combination with the unlinked regulatory mutations gcdl, gcn2, gcn3, and gcn4 were derived from crosses between the original transformants and the following strains: 9617-1D, MATo ura3-52 gcdl-101; L866, MATot ura3-52 leu2-1 leu2-3 gcn2-103; L868, MATo ura3-52 leu2-1 leu2-3 gcn3-102; L1502, MATa ura3-52 met14 gcn4-101.
From each cross tetrads were dissected, and at least two meiotic segregants of wild-type genotype and two carrying the regulatory mutations were tested for P-galactosidase activity. We found no significant variation among different segregants carrying the same fusion and the same regulatory allele. The strain used in the kinetic measurements was a meiotic segregant from a cross of L1752, MATot leu2-3 his4-712 (URA3 his4A235-lacZ at URA3) ura3-52, by L1240, MATa his4A235 ura3-52 inol can]. In the experiments in which we monitored the level of ,Bgalactosidase in strains carrying multicopy plasmids, we used the wild-type fusion at URA3. Strains carrying this fusion have the structure URA3-fusion-ura3-52 and have a Ura+ phenotype. We required a Ura-derivative of this strain to select for Ura+ transformants. Therefore, we enriched for Ura-segregants by "inositolless death" (5), and we identified the ura3-52-fusion-ura3-52 strains by their Ura-phenotype. We verified the structure of these Urasegregants by Southern analysis.
Growth conditions. Repressed growth conditions were obtained by growing the cells in SD (minimal) medium (20) . Derepression was obtained by adding the histidine analogue 3-aminotriazole to cells growing logarithmically in liquid SD. After the addition of 10 mM 3-aminotriazole to the culture, gcdl-strains do not show any change in their growth rate, wild-type strains double their division time (from 2 to 4 h), and gcn-strains make one cell division at the same rate as the wild-type strain. The growth of gcn-strains slows after 4 h and stops after 8 h. Cells grown to saturation in SD were diluted 1:50 in fresh SD medium and grown to a density of 2 X 107 to 3 x 107 cells per ml, or for 8 h in 10 mM 3-aminotriazole (1 x 107 to 2 x 107 cells per ml.) The cells were grown in SD for 2 h before adding 3-aminotriazole.
In experiments on transformants with high-copy LEU2+ GCN+ plasmids, precultures were grown in SD to maintain selection for the plasmid, whereas cultures harvested for assays were grown in SD supplemented with L-leucine (2 mM), L-isoleucine (0.5 mM), and L-valine (0.5 mM) to prevent derepression due to leucine imbalance. In assays on the Ura3+ transformants obtained with the plasmids in Table  4 , all cultures were grown in SD medium with no supple- . In experiments in which the kinetics of enzyme derepression were measured we collected the cells by filtration, washed them with cold extraction buffer, and then resuspended them in the same buffer. Cell extracts were prepared as described by Rose et al. (18) .
,-Galactosidase assays were performed as described by Miller (15 (10), which contain the GCN2+ (pAH15), GCN3+ (pAH17), or GCN4+ (pAH20) genes on Sau3A fragments inserted into the BamHI site of the yeast LEU2-2,Lm episome YEp13 (3) . leu2-strains carrying the wild-type HIS4-1acZ or the URA3-lacZ fusions were transformed to Leu2+ with each of the GCN+ plasmids or with YEp13. The second set of plasmids, listed in Table 4 and shown in Fig. 4 (Fig. 2) . A235 at URA3 also responds like the wild-type fusion to the gcn and gcdl regulatory mutations (Table 1 ). These data show that the sequences normally present from -670 to -235 have no effect on regulation. However, the role of sequences upstream of -670 could not be tested in these experiments. Therefore, we studied the kinetics of derepression in a strain containing the wild-type fusion integrated at HIS4, in which the HIS4 5' flanking region is intact, with that of a strain containing the A235 fusion integrated at URA3. We find no significant differences between the two strains in either the rate or extent of derepression (Fig. 3) . Since GCN4 in high-copy number affects HIS4 expression. We examined the effect of increasing the dosage of the transacting positive regulatory genes on the expression of the wild-type HIS4-lacZ fusion. A GCN+ strain carrying this fusion integrated at URA3 was transformed with high-copynumber plasmids carrying the GCN2+, GCN3+, GCN4+, or no GCN gene. The plasmids are described above. As a control, a strain carrying a URA3-lacZ fusion integrated at URA3 was transformed with the same set of plasmids. Transformants representing each plasmid type were compared for the level of P-galactosidase expression under both repressing and derepressing growth conditions. The derepressed levels were the same in all transformants carrying a HIS4-lacZ fusion. However, the repressed levels differed, depending upon the genes carried by the plasmid. Strains with a GCN gene on a plasmid were compared with a strain with the parent plasmid, YEp13, which carries no GCN+ gene. GCN2 shows a slight increase, GCN3 has no effect, and GCN4 causes a twofold increase in the repressed level of HIS4 expression (data not shown). The expression of the strain carrying the URA3-lacZ fusion was unaffected by the presence of any of these plasmids.
The high-copy-number effect of GCN4+ was analyzed in more detail by transforming strains carrying the wild-type fusion integrated at URA3 in combination with GCN+, gcn2-, or gcn3-. P-Galactosidase activity was measured in the different transformants grown under repressed and derepressed conditions (Table 4 ). In the GCN+ strain, transformants carrying the high-copy GCN4+ plasmid (pCH2) (Fig. 4) have a repressed level of HIS4 expression twofold greater than that found in the untransformed strain, or in transformants carrying either no episomal GCN4+ genes (pCH1) or a low-copy GCN4+ plasmid (pCH3). The gcn-strains containing GCN4+ in high-copy number have repressed levels of ,-galactosidase increased to about the same level as that found in GCN+ strains carrying the same GCN4+ plasmid. The derepression of HIS4 by high-copy GCN4' is not complete, as shown by the fact that histidine starvation of the GCN+ strains leads to an additional increase in HIS4 expression. Starvation of the gcn-strains results in no additional derepression since the complete starvation response is dependent upon both GCN2+ and GCN3+ functions.
DISCUSSION
One conspicuous similarity among genes under the general control is the presence of the same short direct repeats upstream from the start of transcription. Deletion analysis of HIS3 (22) and HIS4 (5) indicates that this repeat is important for derepression in response to amino acid starvation. The strongest evidence for the role of the repeat in regulation comes from analysis of His' revertants of a mutant his4-strain which carries none of the repeats and is unable to derepress in response to the general control. In the revertants, a base change that restores one copy of the repeat also restores regulation. The fact that strains carrying deletions of the repeat are unable to derepress suggests that these repeats mediate HIS4 expression via a positive control mechanism.
In this study we used HIS4-lacZ fusions to quantitate the effects of cis-acting deletions on expression. The results support the qualitative conclusions of Donahue et al. (5), implicating the short repeated sequences upstream of HIS4 in regulation. In addition, measurement of P-galactosidase levels in strains carrying mutations in trans-acting regulatory genes has implicated the repeat at -136, both in maintaining the repressed level of expression and in derepression by the general control.
We find no role in the general control of HIS4 expression for sequences upstream of position -235, specifically the open reading frames at -510 to -193 and -389 to -225. Fusions lacking this upstream region are identical to those which contain it, both in the kinetics and extent of derepression in response to histidine starvation. Most of our constructions carry the fusion at URA3 along with an intact HIS4+ region on chromosome III. Comparison of these constructions (Fig. 2) rules out cis effects of sequences upstream of -235. However, it is possible to imagine trans effects from the region upstream of -235 located in the intact HIS4 region on chromosome III. This possibility is addressed by one of our constructions in which both the HIS4-lacZ fusion on chromosome V and the HIS4 region on chromosome III contain A235. This strain has neither of the open reading frames (Fig. 2) at HIS4 or at URA3, yet its regulation is not different from that of a strain with both open reading frames intact (Fig. 3) . This result also rules out trans effects. There is a difference in the level of expression when the wild-type fusion is integrated at HIS4 rather than at URA3 (see the legend to Fig. 3 ). One interpretation of this effect is that the fusion at URA3 lacks the sequences upstream of -670, and these are required not for regulation but for wild-type levels of expression. Alternatively, the differences we observe could be due to the presence of pBR322 sequences upstream of the fusion at URA3 and their absence in the fusion at HIS4. We favor this latter explanation since fusions at URA3 which do not have adjacent pBR322 sequences do not exhibit lower repressed levels than do fusions at HIS4 (21) . Whatever the interpretation, sequences upstream of -670, whether pBR322 or HIS4, do not affect the extent of regulation by the general control or the requirement for GCN4+ function under conditions of repression. Studies on lacZ fusions in gcn4-strains show that the GCN4+ gene product is required not only for derepression in response to amino acid starvation but also for maintaining the level of HIS4 expression under conditions of physiological repression (minimal medium). In gcn4-strains carrying a single copy of the repeat (M173, A144, A138, A136R1, and A136R2; Table 1 ) the repressed level is reduced (5-to 10-fold) to the low level found in A136, which has no repeat. The gcn4 mutation also affects repressed levels in strains carrying three copies of the repeat (wild-type and A235 fusion), although in these cases there is only a fourfold reduction. The revertant A136R3 which has no repeats demonstrates that the requirement for GCN4 is specific for the repeat ( Table 2 ). The sequence changes in this revertant restore a low level of expression which is not regulated by the general control and is unaffected by gcn4-. Although we have shown that GCN4 is required for these regulatory phenomena, there is no evidence for a direct interaction between the GCN4 product and the repeats. It is possible that the products of other genes, as yet undiscovered, are the ultimate effectors that interact at the repeats.
Our data implicate the GCN4 gene product and the repeat at -136 in maintaining what we call the repressed level. One explanation for the effect of GCN4 on the repressed level is that the repeat functions in both promotion and regulation. By this model, GCN4 would be required both for maintaining the basal level (promotion) and, in a second role, for derepression by the general control. An alternative explanation is that the repeat functions only in regulation and other sequences are required for the basal level of expression (promotion). According to this alternative explanation, the levels in GCN4+ strains result from elevation in HIS4 expression (above the basal level) via the general control, due to incomplete repression by the minimal medium culture conditions we use to repress enzyme synthesis physiologically. If this latter explanation is correct, then HIS4 expression is regulated over a greater range than we thought.
If the repeat functions in both regulation and promotion, then the difference in repressed levels between gcn4-strains with one and three copies of the repeat could be explained by leakiness of the gcn4 allele and the additive effects of the multiple repeats. If this interpretation is correct, a null allele of GCN4 should further reduce the levels in both wild-type and A235 fusion to the level seen in A136. If the repeat functions only in regulation, then the difference could be explained by GCN4+ independent expression, promoted by a sequence located in the region between -235 and -173. More precise mutational analysis of the region could help to identify such an independent promoter element at HIS4. A deletion analysis of HIS3 (22) suggests that for this gene a constitutive promoter element exists, which to some extent, is separable from the regulatory sequences.
Revertant A136R3 also provides insight into the importance of the repeat in regulation. One explanation for the absence of regulation in strains devoid of any repeats is that the repeats are required only for promotion and another sequence(s) further downstream from -136 is required for regulation. According to this view, regulation depends on the presence of the promoter sequences at position -136 and is abolished in their absence. The fact that promotion, but not regulation, is restored in A136R3 argues that the repeat is required at least for regulation. If there is a downstream regulatory element, it must function in concert with the repeat.
Our studies on high-copy-number plasmids containing GCN genes support the idea that GCN4 has a role in the maintenance of repressed levels of expression. When present on a high-copy-number plasmid in GCN+ strains, GCN4+ causes a twofold increase in the repressed level of expression of the wild-type HIS4-lacZ fusion. The derepression of HIS4 by high-copy GCN4+ is incomplete, since amino acid starvation results in two-to threefold further derepression (Table 4 ). This indicates either that GCN4 titration of GCDJ (or some other repressor of GCN4 activity) is incomplete or that there are other as yet unidentified positive effectors that must be activated by amino acid starvation to bring about full HIS4 derepression.
A regulatory gene dosage effect similar to that found for GCN4 has been reported for the system of galactose utilization (GAL) in S. cerevisiae (12) . A high-copy-number plasmid containing GAL4, the positive regulatory gene, causes partial induction of GAL7, GAL], and MEL], in the absence of the inducer galactose. The similarity of these effects parallels the similarity in the formal genetic descriptions of the relationships between the positive and negative regulatory genes in these two systems (10) . It will be interesting to learn whether this similarity extends to the level of the molecular mechanisms of their regulation.
